The influence of heat generation on propagating modes in a high-power large-mode-area photonic crystal fibre laser was investigated. The temperature distribution, temperature gradient, thermally induced stresses were first simulated. Then the Maxwell's wave equation with taking the thermal refractive index tensor into account was solved to observe the effects of heat on propagating modes. The results show sensible modifications for TE, TM, and EH mode profiles. However, the linear polarized fundamental mode (HE) was not affected under thermal effects.
Introduction
Photonic crystal fibre lasers (PCFLs) that are also called holey fibre lasers or microstructure fibre lasers have gained much interest due to their ability in generating high power outputs with considerable stability, excellent beam quality, compactness, and maintenance ease [1, 2] . The general structure of such fibres consists of air holes arranged in a twodimensional triangular pattern running through the whole fibre length. One or more missing holes usually form a solid fibre core surrounded by holey cladding. The ratio of the hole diameter (d) to the hole-to-hole distance (Λ) plays a crucial role in determining the optical properties of photonic crystal fibres (PCFs). It has been proved that for a ratio of d/Λ = 0.45 the one-hole missing PCF acts as a single-mode fibre regardless of the wavelength of the propagating light [3] [4] [5] . In fibre lasers, to suppress unwanted nonlinear effects when scaling the delivered powers, one can increase the core area. This scheme, however, may convert the single-mode fibre to a multi-mode fibre. This phenomenon is not desired because of reduction of beam quality. To overcome this problem, the numerical aperture must be reduced from standard values of 0.1 to a small value of 0.06 [6] . This value for the numerical aperture allows a core diameter of about 15 μm in the 1 μm wavelength region [6] . In this regard 2.3 m long ytterbium-doped air-clad large-modearea fibre lasers have been reported to deliver 80 W output power equivalent to the power density of 35 W/m [7] . Also, for a 4 m length fibre, a pump of 360 W delivering the output power of 260 W was reported [8] .
Although a large surface-to-volume ratio of fibres can ease heat dissipation from the fibre surface compared to bulk lasers, however in high powers the heat transfer mechanisms cannot be such effective [8] [9] [10] . Accordingly, active cooling systems must be used. In a 7 cm short fibre laser, the thermal effects of a heat load density of ~200 W/m was
Temperature distribution
Heat is generated mainly in the rare-earth-doped core due to quantum defect, non-unity quantum efficiency, and non-radiative processes [9] . Then it is transferred to the fibre surface by heat conduction. From surface to ambient, radiation and convection are the main responsible mechanisms for heat dissipation. The temperature distribution within the PCFL in the steady-state regime can be calculated by the heat conduction equation [9] (1) so influential that the fibre laser had to be cooled actively by water [11] .
The generation of heat in a small region of the core where active ions are present can cause a severe temperature gradient. A temperature gradient built up throughout the fibre cross-section induces refractive index modification via two well-known phenomena: thermal dispersion or dn/dT effect, and thermally induced stresses leading to birefringence. Markos et al. simulated the change of the effective refractive index, ∆n eff , and the effective mode area as a function of fibre temperature in a hybrid PDMS/silica PCF [12] . Jansen et al. recently simulated and experimentally confirmed the thermal dispersion effects on very large-mode-area PCFLs [13] . Sabaeian et al. investigated the thermal dispersion effects on the core confinement factor (CCF) of a double-clad octagonal fibre laser [9] . The results were interesting in the CCF due to thermal lensing that increases the cladding mode overlapping in the core region. Furthermore, one can name other thermal effects such as thermally induced phase mismatching [14] , thermal modal instability [15] , and depolarization loss [16] .
In high-power PCFLs, one should be aware of consequences of induced heat in designing and constructing such systems. A huge contrivance must be used when the pump power is increased to high values. This is because of thermal fracture, core melting, and thermal lensing that can prevent power scalation together with influences on mode propagation and efficiency [17] . Dawson et al. re1ported the limitation of peak intensity of fibre laser output due to thermal effects [18] .
This work inspects the heat generation effect on the mode characteristics of a solid-core photonic crystal fibre laser. To generalize our modelling, the thermal dispersion and thermally induced stress effects will be taken into account for the first time. The latter is often ignored in literature [8, 9, 12, 13, 17] . Our fibre laser is an air-clad ytterbium-doped large-mode-area one used already by Limpert et al. [8] . The core has been established with three holes missing in the triangular lattice round the inner clad. The second clad is formed by an air chamber consisting of the stretched holes with silica bridges round the first clad. Finally a thin acrylate layer surrounds the fibre. Figure 1 shows the electron microscope image of our large-mode-area PCFL. To the best of our knowledge, this work is the first to reveal the role of air-holes in claddings and -disapproving any simplifications in the literature -not to use average values of thermal conductivity anymore, that is, the real geometry for the holey fibre in our calculations is the key point of this work [19] .
In this work we first calculate the temperature distribution, temperature gradient, and thermally induced stresses across the fibre as a function of heat load density (W/m). Then, using the Maxwell's wave equation, the electric fields are simulated including the refractive index as a tensor quantity. In our previous work [9] , we did not consider the tensor property of the refractive index. So, we solved the scalar Maxwell's wave equation. Due to a complex structure of the holey fibre, the numerical method of finite element is adopted to raise the reliability of the results. where T(x, y) is temperature in Kelvin, K(T) is temperature dependent thermal conductivity in W/m/K, and Q(x, y) is heat source density in W/m 3 . Although temperature independent thermal conductivity may suffice [8, 9, 19, 20] , in this work we have used the experimental data of Jund and Jullien [21] to comprehensively cover the temperature dependence of thermal conductivity.
For the fibre core we consider Q = P h /( πα 2 ) as the heat source density where P h is heat load per meter, and πα 2 is the average core area. The source term for claddings and fibre cover was taken to be zero in Eq. (1).
The most general boundary condition for temperature at the fibre surface is [22] ( 2) where h is the heat convection coefficient having a typical value for cooling with air as h = 17 w/m 2 /K, T ∞ = 298 K is ambient temperature, ε = 0.95 [8] Table 1 . Figure 2 shows the temperature distribution across the PCFL for P h = 10 W/m. The Figure shows high temperatures for the core as we expected. An inspection of the Figure reveals that the small airholes have not any noticeable effect on temperature distribution across the PCFL. This can be seen much better in Fig. 3 where we plotted a quantitative graph. Figure 3 shows the 2D temperature distribution along the x direction. From this Figure, one can see the maximum temperature is 430.5 K at the core centre. At the fibre surface, the temperature reaches 425 K. To get a better insight into temperature variation over the fibre cross-section, in Fig. 4 we calculated the temperature gradient over the fibre cross-section for P h = 10 W/m. As Figure shows , there are two zones at which the temperature gradient is high: around the core boundary and on the middle part of the second cladding where the big holes exist. As one can foresee, the higher temperature gradient causes the stronger thermal stresses. Strong stresses may result in destruction of glass bridges, the spacing between neighbouring holes. Figure 5 provides a quantitative insight into the temperature gradient, that is, a 2D curve for the temperature gradient along x axis is drawn.
This Section is concluded with the temperature of the fibre core as a function of heat load (W/m) for two heat transfer coefficients. The values of h = 17 W/m 2 /K and h = 350 W/m 2 /K were set for air cooling and water cooling, respectively [19] . The active cooling (water cooling) yields a noticeably lower core temperature compared to air cooling. 
Thermally induced stresses
The thermally induced stresses (or strains) are calculated using the equilibrium equation given by [24] (3) where ν is the Poisson's ratio and α T is the thermal expansion coefficient. The solution of above equation gives the displacement vector components (u x , u y , u z ). The first derivatives of displacement vector components define the strain tensor components as (4) Using the generalized Hooke's law [25] , σ ij = C ijkl ε kl , where σ ij are the stress tensor components and C ijkl are the stiffness tensor components, one can calculate the stress components. In the plane strain approximation which is used for longlength warmed up systems with a zero temperature gradient along the z direction, the nonzero components of the strain tensor are ε 1 = ε xx , ε 2 = ε yy , and ε 6 = ε xy . Under this approximation and for an isotropic structure such as glassy fibre, the nonzero components of the stress tensor are σ 1 , σ 2 , σ 3 (=σ zz ), and σ 6 . Also, for glassy media only three stiffness components are independent [25] :
+ν-1), and C 44 = E/(ν-1), where E is the Young's modulus. Figure 7 shows the distribution of σ xx for 10 W/m heat load. In stress calculations, the airholes subdomains have been omitted because the Young΄s modulus for air is not defined. The light colour zones show the compressive stress while dark colour shows a tensile one. Strong stresses are obvious near the air-hole especially for the second cladding. The tendency of inner fibre zones for expansion leads to compressive stresses. mal dispersion and photo-elastic effect. The former is isotropic and the latter is anisotropic. Various components of the refractive index tensor are given by [26] : (5) where the first term, n 0 , is the glass refractive index at the ambient temperature without exerting any additional stress, the second term is the thermal dispersion contribution [9] , and the third term is the photo-elastic contribution. B ijkl are the components of the fourth rank stress-optic tensor [20] . After some algebraic treatment, Eq. (5) yields the following expressions: 
Propagating modes
Once the temperature distribution and the thermally induced stresses are found, components of the refractive index tensor can be calculated easily. The tensor property of the refractive index in warmed up media is induced by thermal stresses. Additional terms are comprised of two terms: ther-(6) (7) (8) (9) where B || and B ┴ are the parallel and perpendicular stress-optics coefficients [20] .
To see the effects of heat load on guiding modes, the electromagnetic wave equation is needed to be solved with taking the refractive index tensor into account. For an inhomogeneous (coordinates dependent refractive index) and anisotropic medium, the Maxwell's wave equation leads to [9] (10)
where y(x, y) is the profile of the propagating mode defined as:
with β as the propagation constant. Figure 10 (a) shows the simulated result for the TE 01 mode without thermal effects. Figure 10(b) shows the same mode under P h = 50 W/m heat load.
The contour plots are also accompanied for getting better insights. The electric field is pulled into the core region that can be attributed to the thermal lensing. Moreover, the electric field is no longer azimuthally symmetric blaming thermal stresses. The 2D curves in Fig. 11 obtained from normalization of electric field over the whole fibre cross-section shows the TE 01 mode profiles when heat load is neglected (solid curve) and when it is considered (dashed and dotted curves). Therefore, consideration of refractive index variation due to heat load leads to sensible modifications of the electric field profile.
Similar results were obtained for TM 01 and EH 21 modes. However for the HE 11 mode, which is the fundamental fibre mode, we did not see any noticeable changes on the electric field profile. This may be due to the linear polarization of the fundamental mode that is not affected by thermally induced anisotropic media. 
Conclusion
In this work the effects of heat load in the active core of a double clad photonic crystal fibre laser were investigated numerically. The temperature distribution, temperature gradient, and thermally induced stresses were simulated versus heat load density. In thermal calculations the convection and in particular the radiation that is usually ignored in the literature have been taken into account. PCFL guiding modes then were simulated under a thermally modified refractive index. The results showed strong thermal stresses for glass bridges between air-holes constituting the second cladding. Under thermal effects, the TE 01 , TM 01 , and EH 21 modes suffered modifications relative to the non-thermal model. The linear polarized HE mode, however, was seen not to be affected by heat load even for 50 W/m. We conclude that the thermal effects can destroy the standard shape of PCFL modes and so lead to the degradation of beam quality. Calculation of M 2 factor under heat load is the future work of the authors.
